ABSTRACT: Thermal treatment of oxidised active carbon under vacuum conditions led to changes in the chemical nature of its surface, e.g. a stepwise decrease in the total oxygen content and an increase in the pH of the carbon slurry. Annealing reduced the number of surface oxygen-containing groups and increased the overall number of basic groups. The results of the cyclic voltammetric studies analysed in this paper clearly indicate only a weak relationship between the presence and number of cathodic/anodic peaks, i.e. reduction/ oxidation of electroactive surface groups, forming during cyclisation and the degree of surface oxidation (regulated by heat treatment) of the carbon samples tested. The electrochemical behaviour of powdered carbon suggested electrooxidation of the surface of the electrode material with participation of adsorbed hydroxy ions and water molecules. The possible electrochemical reactions and mechanisms of the surface processes were discussed in order to explain the observed phenomena.
INTRODUCTION
The electrochemical behaviour of porous carbon electrodes is associated both with high surface roughness and the presence of oxygen-containing surface functional groups (Kinoshita 1988; McCrerry and Cline 1996; Biniak et al. 2001) . Oxidation of carbon materials in the liquid or gaseous phase can be used to increase the concentration of oxygen surface complexes, whereas heating in an inert atmosphere (or under vacuum) can be used to selectively remove these functional groups (Coltharp and Hackerman 1968; Puri 1970; Kaźmierczak et al. 1991; Menendez et al. 1996; Figueiredo et al. 1999) . Annealing under vacuum conditions enhances the basicity of the carbon surface although an exact explanation for this phenomenon has yet to be provided (Zawadzki and Biniak 1988; Leon y Leon et al. 1992; Suarez et al. 1999; Radovic et al. 2001) . Some of these functional groups (acidic, neutral and basic) exhibit electrochemical activity and participate in charging the electrical double layer (capacitance currents), specific ion adsorption ('pseudo-capacitance' current) and in faradic reactions connected with the reduction and/or oxidation of surface oxides and other active centres on the carbon surface. Studies of various carbon electrodes have provided clear evidence of the electrochemical activity of surface quinone/hydroquinone systems and the contribution of these surface oxide groups to charge-transfer reactions (Blurton 1973; Randin and Yeager 1975; Schreurs et al. 1984; Leon y Leon et al. 1994; Pakula et al. 1995) . However, the nature of these electro-active moieties and possible quantitative relationships between their surface concentration and peak currents are not yet fully understood.
In our previous paper (Grajek et al. 2001) , the physicochemical properties of several active carbon samples with varying surface oxygen group contents were studied using analytical and spectral methods. The active carbon materials were differentiated chemically by oxidative treatment with nitric acid (which enhanced the concentration of oxygen surface complexes) and heating under vacuum (which gradually removed some of these groups). In the present work, the carbon samples were used as powdered electrode materials, and some of the faradic processes occurring on their surfaces were studied and discussed.
EXPERIMENTAL
Active carbon obtained from plum stones was demineralised with concentrated HF and HCl acids (final ash content, 0.08 wt%) and subsequently oxidised with concentrated HNO 3 (80 o C, 2 h). Eight samples of active carbon with different quantities of chemically bound oxygen were obtained by heat treatment of the oxidised carbon at various temperatures (180, 260, 340, 420, 500, 580, 740 and 900°C) and were designated respectively as C180, C260, C340, C420, C500, C580, C740 and C900. The surface chemistry of these carbon samples was described in detail in our previous paper (Grajek et al. 2001) .
Electrochemical studies with all the samples were carried out in 0.5 M phosphoric acid and solutions of sodium phosphates (NaH 2 PO 4 , Na 2 HPO 4 , Na 3 PO 4 ) at different pH values (1-13) using the powdered active carbon electrode (PACE) technique Pakula et al. 1995; Swi… atkowski et al. 1997) .
The potentiometric responses of the carbon electrodes were measured in an oxygen-free atmosphere. Cyclic voltammetry (CV) was performed using the typical three-electrode system and the electrochemical cell described elsewhere (Pakula et al. 1995) . The working PACE design ( Biniak et al. 2001) was modified so that electrical contact with the carbon material was changed and a Pt plate (surface area, 0.78 cm 2 ) used instead of wire. After prior vacuum desorption (10 -2 Pa), the powdered carbon (30 mg) was placed in an electrode container and drenched with a de-aerated solution to obtain a sedimentation layer of ca. 3 mm thickness. A platinum gauze was used as the counter-electrode. All potentials were measured and reported against a KCl-saturated calomel electrode (SCE). Although the electrode design ensured that the shape of the CV curves recorded was reproducible, estimation of the specific capacitance was not now possible because the potential and current distributions in the electrode bed were unknown Frysz et al. 1997; Card et al. 1990) .
RESULTS AND DISCUSSION
The previously oxidised active carbon (L-type) was modified by gradual heating under vacuum conditions (at various temperatures) to obtain samples with different surface properties. The total oxygen content and concentration of selected surface oxide groups (some being potentially electrochemically active) of all the carbon samples were reported in Part 1 of this work (Grajek et al. 2001) . The surface concentration of hydroxy-and carbonyl-like functional groups and the total basicity were estimated using the Boehm (1994) method. Oxidation with nitric acid caused the fixation of large amounts of oxygen on the carbon surface and some of this surface oxygen was bound up in functional groups (Grajek et al. 2001) . Thermal desorption at gradually increasing temperatures led to a reduction in the total oxygen content from 10.3% in the oxidised sample to 0.9% in the sample desorbed at 900 o C. The quantities of hydroxy and carbonyl groups decreased markedly at temperatures above 500°C, whereas the capacity for acid adsorption rose rapidly. The effect of heat treatment on the distribution of the surface groups of carbon materials has been described in several papers (Puri 1970; Biniak et al. 1987; Zawadzki and Biniak 1988; Kaźmier-czak et al. 1991; Leon y Leon et al. 1992; Suarez et al. 1999; Radovic et al. 2001) . Pairs of carbonyl groups arranged at the periphery of the graphene layers in such a way that a system of conjugated double bonds can be formally considered will behave in much the same way as quinone groups . According to some authors (Leon y Leon et al. 1992; Suarez et al. 1999) , the existence of pyrone-like structures incorporated in the carbon matrix is partly responsible for the basicity of the carbon. As pyrones are very slightly basic (pK b » 13.0), the recorded pH values (near 10.0) of the carbon suspension indicate the presence of relatively strong basic sites with a pK b value of ca. 4.0 (Grajek et al. 2001) . These sites may be the result of the adsorption of molecular oxygen in the form of superoxide ions O -2 , which can act as a strong Brönsted base (Zawadzki and Biniak 1988; Sawyer 1991) . Thermal decomposition of the oxygen complexes over the temperature range used in this work reduced the total number of acidic and neutral functional groups (including hydroxy and carbonyl) and increased the overall number of basic groups (leading to H-type carbon).
Electrochemical studies with all the samples were carried out in phosphate buffer solutions over a wide range of pH (1.0-13.0) with the stationary potential (E s ) of a prepared carbon electrode (PACE) being measured initially. The E s dependencies on pH were linear for all the carbon samples tested. The estimated Nernst coefficients for selected carbons are set out in Table 1 . Figure 1 shows the cyclic voltammograms (CVs) recorded in H 3 PO 4 (0.25 M), phosphate buffer (pH = 4.16) and Na 3 PO 4 (0.25 M) solutions for selected carbon samples limited in range by hydrogen and oxygen evolution potentials. These potential range values (CV 'windows') depended on the pH value of the external solution and are listed in Table 2 . All the CV curves recorded (Figure 1 ) exhibited a more or less well-defined peak or pair of peaks (a1, c1), which have most often been ascribed in the literature to a surface system of quinone/hydroquinone species (Kinoshita 1988; McCrerry and Cline 1996; Biniak et al. 2001; Blurton 1973; Leon y Leon et al. 1994; Pakula et al. 1995) . The first anodic peak (E a1 ) was broad and rather poorly shaped. It could be due to the overlapping of electrochemical oxidation processes and/or of double-layer charging processes ('pseudo-capacitance' effect). The CVs depicted in Figure 1 displayed well-formed reduction peaks (c1) independent of the pH of the bulk solution and the type of active carbon materials studied. The absence of this peak for CVs recorded over a narrower potential range (from -0.5 V to 0.5 V) demonstrated the indispensability of the oxidative 'activation' of cathodic processes. A smaller anodic rather than a cathodic peak area (charge) must only arise from the partially electrochemical nature of surface oxidation. There were marked changes in the potential values of both cathodic and anodic peaks with changing pH in bulk electrolyte solutions. The estimated DE (E a1 -E c1 ) values of these peaks ranged from 150 mV (pH = 1.21) to 320 mV (pH = 12.06) for a potential sweep rate n = 3 × 10 -3 V/s and increased with increasing v, which is suggestive of the quasi-reversibility of these electrode processes. Similar changes in the cathodic and anodic peak potentials with the pH of the aqueous electrolyte have been observed with other carbon electrodes (Blurton 1973; Randin and Yeager 1975; Biniak et al. 2001) . Figure 2 shows the changes in the shape of the first cathodic peak (c 1 ) with the pH of the external phosphate solution for a selected carbon (C180) and potential sweep rate (5 × 10 -3 V/s). The considerable dependence of the peak shape (area) on the pH of the bulk solution bears witness to the participation of hydroxy and hydrogen ions in these electrochemical reactions. The formal potential values (E f ) of the first anodic/cathodic couple (quinone/hydroquinone system) in neutral solution (pH = 7.0) near +150 mV (vs. SCE) were similar to the observed potentials for the orthoquinone/1,2-dihydroxy-systems (multi-substituted 1,2-dihydroxybenzene) . The relationship of the cathodic peak potentials (E c1 ) to the pH of the bulk solutions was determined for these systems and linear functions obtained for all the carbons studied (Figure 3) . The regression curves were generated using the least-squares method (Statistica program) with correlation coefficients between 0.99 and 0.98 being obtained.
According to the general electrode reaction Ox + mH + + ne = Red (1) when [Ox] = [Red] the Nernst equation predicts that the electrode potential for this process (E) is related to the formal electrode potential (E 0 ) by
When m = n, a theoretical slope of -59 mV/pH for the relationship E = f(pH) would be expected. The Nernst slopes obtained for the carbons examined in this study (Figure 3 ) are listed in Table 1 .
The equivalence between the numbers of protons and electrons in the cathodic reactions was confirmed (the Nernst slope was nearly -60 mV/pH) for the carbon samples tested. The cathodic peak charge values (Q c1 ) were estimated according to techniques described in the literature (Kinoshita and Bett 1974) . This peak charge showed little change with the pH of the blank solution; more distinct changes depended on the potential sweep rate employed. The variations in the first cathodic peak charge (Q) with potential sweep rate for a selected PACE (C180) in solutions of various pH values are depicted in Figure 4 . The dependencies of the cathodic peak charge (Q) on the heat-treatment temperature (HTT) of the carbon electrode material determined for selected pH values of the bulk solution (4.16) are plotted for two different potential sweep rates in Figure 5 . The curves were generated by the least-squares method (Statistica program). The reduced dimension of the cathodic peak for carbons heat-treated at 420-500°C and the peak charge increase for carbons annealed at higher temperatures may be explained as due to changes in the carbon surface chemistry.
The above results point to a similar reduction mechanism only slightly dependent on the surface chemistry (presence or absence of acidic functional groups). On the other hand, the dependence of the reduction peak charge on the potential sweep rate suggests the influence of ions (hydroxide and/or hydrogen) in the diffusion/adsorption processes involved in the redox reactions in question. The deficiency in the anodic response (see Figure 1 , a1) and lower slopes than those expected theoretically from the Nernst relationship for the anodic peaks (see Table 1 ) may be explained by oxidation of the carbon surface in which electron transfer plays only a small part. We believe this non-conformity can be explained by the following reactions:
In this case, the Lewis-type basic centre (a) interacts with the water molecule to yield the adsorbed hydroxide ion (b) responsible for the Brönsted-type basicity of this carbon sample. Anodic polarisation (during cyclisation) enhanced the OH -ion adsorption (electrosorption), which led to oxidation of the basic surface centres (c).
(ii) For L-type carbon (C180):
Here electrosorbed OH -ions interact with surface oxides (e.g. lactone-type) and with the positive charge (electron hole) delocalised in the carbon network (a) to produce the oxidised form of the functional groups (b).
The carbonyl (ketone-and/or quinone-like) functional groups [equations (3) and (4)] both previously present on the carbon surface and generated undergo electrochemical reduction (1), but hydroquinone-like moieties seem to be unsteady and can undergo 'intramolecular' oxidation, probably with participation of electron holes present in the internal structure of the carbon material [equation (5)
The anodic part of the recorded CVs displayed a second anodic peak/wave (a2, E a2 @ 1.35 V) clearly visible in acidic environments, and a poorly shaped response to cathodic process (Figure 1, c2) . The second anodic peak was highest for the C180 and C900 carbons, i.e. electrode materials with the best-shaped first cathodic/anodic couple. The relatively high anodic signal with a steep slope indicates an electro-oxidation reaction involving many electrons. The weak cathodic response to the second anodic peak demonstrated the electrochemical irreversibility of this oxidation. These observations can be explained by assuming electrochemical oxidation of the carbon surface with the formation of carbonyl groups and the generation of hydrogen peroxide molecules according to:
Hydrogen peroxide undergoes catalytic decomposition and only the remainder can be reduced electrochemically to yield a small cathodic response in the potential range from 1.1 V to 1.2 V [ Figure 1(a)-(d) ]. In a similar fashion, Nguyen et al. (1999) assigned the presence of an anodic response (E p » 1.2 V vs. SCE) on CVs recorded for a carbon paste electrode in acidic solution (1 M HCl) to the oxidation of the carbon surface (or possibly of other surface groups).
CONCLUSIONS
Thermal/vacuum decomposition of surface oxides by a gradual increase in the heat-treatment temperature of previously oxidised active carbon samples yielded electrode materials with very different surface chemistries. The presence of the quinone/hydroquinone couple explained the shape of the cyclic voltammograms over the potential region -0.5 V to +0.8 V for all the carbons studied. The cathodic peak (reduction of the quinone-like groups) was well shaped, but the weak anodic response suggested that the oxidation process was not exclusively electrochemical. Oxidation of the carbon surface and the formation of peroxides may be responsible for the large anodic peak (E p~1 .2 V) prior to the wave for oxygen evolution in acidic environments with respect to both basic (H-type) and acidic (L-type) active carbons. Oxidation of the carbon surface (especially for H-type carbons) in basic environments by electrosorbed hydroxide ions with the participation of structural electron holes and anodic oxidation of this species in acidic solutions at higher potentials created additional electro-active surface oxides (mainly quinone-like), which were responsible for the conspicuous cathodic peak observed.
